Background: ADA3, a conserved component of several HAT complexes, regulates mitosis. Results: ADA3 associates with the centromere through CENP-B and regulates chromosome segregation by directing centromeric loading of CENP-B. Conclusion: ADA3 regulates mitosis by its association with the CENP-B/centromere and regulates segregation of chromosomes. Significance: This study provides the mechanism of how ADA3 regulates mitosis to maintain genomic stability.
embryonic fibroblasts exhibited various chromosome segregation defects. Taken together, we demonstrate a novel ADA3 interaction with CENP-B-centromere that may account for its previously known function in mitosis. This study, together with its known function in maintaining genomic stability and its mislocalization in cancers, suggests an important role of ADA3 in mitosis.
The centromere is a chromatin region that is essential for driving chromosome segregation in cell division and is responsible for accurate inheritance of eukaryotic chromosomes during this process (1) (2) (3) . It serves as the site of kinetochore assembly to which microtubule attachment occurs (4) . The centromere-kinetochore is a complex network of proteins that work in concert for the faithful segregation of chromosomes (5, 6) . A major class of this network of proteins is centromere proteins (CENPs), 4 which includes CENP-A, -B, -C, -E, -F, -H, -I, and others (2, 7) .
In the CENP group of proteins, CENP-B is highly conserved in several mammalian species (8) . CENP-B specifically binds to a 17-bp sequence, known as the CENP-B box through its N-terminal region and dimerizes through its C-terminal region (9, 10) . The CENP-B box is conserved in centromeric human ␣-satellite and the mouse minor satellite region (11) . CENP-B is required for de novo assembly of centromere and kinetochore nucleation (12, 13) . Yeast CENP-B homolog acts as a sitespecific nucleation factor for the formation of centromeric heterochromatin by heterochromatin-specific modifications of histone tails (14) . The centromere function mainly entails CENP-A, -B, and -C, in which CENP-B plays a crucial role by recruiting CENP-A and stabilizing CENP-C at centromeres (15) (16) (17) .
Recent studies from our laboratory and others have shown a critical role of ADA3 (alteration/deficiency in activation 3) in cell cycle regulation (18, 19) . ADA3 is an essential component of several transcriptional adaptor and histone acetyltransferase (HAT) complexes conserved among eukaryotes (20) . HATs and histone deacetylases are required to maintain steady-state levels of acetylation (21) (22) (23) (24) . A number of HAT enzymes, including GCN5 (general control non-repressed 5), p300, PCAF (p300/CBP-associated factor), and CBP (CREB-binding protein) have been demonstrated as part of large complexes, such as SAGA (Spt/Ada/Gcn5 acetyltransferase), TFTC (TBP-free TAF complex), and ATAC (Ada2a-containing) complexes in humans (21) (22) (23) (24) .
Our laboratory previously reported that germ line deletion of Ada3 in mice is embryonic lethal, and lack of ADA3 in mouse embryonic fibroblasts (MEFs) results in a severe proliferation defect, dramatic changes in global histone acetylation, delay in G 1 to S phase transition, mitotic defects, and delay in G 2 /M to G 1 transition (18) . Furthermore, we have shown a novel role for ADA3 in maintaining DNA repair process and genomic stability by controlling DNA repair checkpoints (25) . Consistently, we observed that ADA3 is overexpressed/mislocalized in breast cancers, and its overexpression predicts poor survival and poor prognosis in breast cancer patients, underscoring the critical function of ADA3 in physiology and pathology (26) .
To better understand how ADA3 is involved in multiple biological processes, we recently performed chromatin immunoprecipitation followed by sequencing (ChIP-seq) and found that ADA3 was significantly associated with human centromere regions across most chromosomes. 5 Interestingly, in yeast, GCN5 has been shown to play an important role in mitosis, by binding to centromeres (27) . Given that GCN5 and ADA3 form an integral part of various HAT complexes and based on a clear role of ADA3 protein in mitosis, we explored whether ADA3 associates with centromeres. In this study, using a series of PCR primers corresponding to the centromere region of human X chromosome, we demonstrate that ADA3 specifically binds to the higher order repeat (HOR) region of centromere, which is the site of kinetochore attachment.
Given the known role of CENPs in centromere regulation, we examined whether ADA3 associates with centromeric proteins, such as CENP-A and CENP-B. We observed that ADA3 is associated with CENP-B, and this interaction of ADA3 with CENP-B was noticed throughout all phases of the cell cycle. Significantly, centromere binding of CENP-B was decreased with knockdown of ADA3. More importantly, in contrast to wild type ADA3, an ADA3 mutant that lacks the ability to bind to CENP-B failed to rescue cell proliferation defects caused by the deletion of endogenous Ada3. Finally, we demonstrate that ablation of Ada3 leads to defective chromosomal segregation with increase in anaphase bridges and lagging chromosomes. Taken together, these results provide a novel connection for the role of ADA3 in mitosis.
Experimental Procedures
Constructs-To generate N-terminally GST-tagged FLAG-ADA3 bacterial expression vector, full-length FLAG-ADA3 was PCR-amplified from the pMSCV puro FLAG-ADA3 construct (18) . Subsequently, BglII-SalI-digested FLAG-ADA3 PCR amplicon was cloned into BamHI-SalI sites of pGEX6P-1 vector (GE Healthcare). Similarly, GST-tagged ADA3 C-terminal deletion (residues 1-369, 1-214, and 1-110) and N-terminal deletion (residues 111-432) bacterial expression vectors were constructed by cloning the respective BglII-SalI-digested PCR amplicons into BamHI-SalI sites of pGEX6P-1 vector. Generation of the retroviral pMSCV puro FLAG-ADA3 construct has been described previously (18) . A retroviral construct for FLAG-ADA3 (111-432) was generated by cloning BglII-SalI-digested FLAG-ADA3(111-432) PCR amplicon into the BglII-XhoI site of the pMSCV puro vector (Clontech).
Cell Culture, Transfections, and Viral Infections-76NTERT cells were cultured in DFCI medium as described before (28) . Ada3 FL/FL MEFs were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Ada3 FL/FL MEFs stably expressing full-length FLAG-ADA3 or FLAG-ADA3(111-432) were generated as described previously (18) . Adenoviruses expressing EGFP-Cre or EGFP alone were purchased from University of Iowa (gene transfer vector core). Cre-mediated deletion of Ada3 was performed as described previously (18) . For ADA3 knockdown experiments in 76NTERT, cells were transfected with 50 nM control (sc-37007, Santa Cruz Biotechnology, Inc.) or ADA3 siRNA (sc-78466, Santa Cruz Biotechnology), using Dhar-maFECT 1 transfection reagent (T-2001-03, Dharmacon).
Chromatin Immunoprecipitation (ChIP)-The ChIP assay was performed using the ChIP-IT Express kit from Active Motif according to the manufacturer's protocol with slight modifications in fixation and sonication conditions. 76NTERT cells were washed twice with 1ϫ PBS and fixed in ethylene glycol bis(succinimidyl succinate) and formaldehyde at room temperature. In particular, cells were incubated in 1.5 mM ethylene glycol bis(succinimidyl succinate) in 1ϫ PBS on a shaking platform for 15 min. To this formaldehyde (1% working concentration) was added for another 15 min. The fixation reaction was then stopped by 1ϫ glycine at room temperature for 5 min. Chromatin from 76NTERT cells was isolated and sonicated for 12 min to obtain a fragment size of 200 -1000 bp. The remaining steps for ChIP were followed exactly as per the manufacturer's protocol. Antibodies used for ChIP assay were anti-ADA3 monoclonal antibody (18), anti-CENP-A (ab13939, Abcam), and anti-CENP-B antibody (07-735, EMD Millipore). PCR amplification was performed using primers as described in Table 1 .
Immunofluorescence-For immunofluorescence, 76NTERT cells were grown to 50% confluence on glass coverslips in 12-well plates. After knocking down ADA3 in 76NTERT cells by siRNA, the coverslips were fixed in 4% paraformaldehyde for 20 min. Staining was performed as described earlier (25) . The primary antibodies used were FITC-labeled human anti-centromere antibody (ACA) (15-235-F, Antibodies Inc.), anti-CENP-B antibody (ab25734 (Abcam) or 07-735 (EMD Millipore), and anti-ADA3 antibody (18) . Secondary antibodies used were Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 647 from Life Technologies, Inc. Nuclei were counterstained with DAPI. The coverslips were then placed on slides using the mounting medium. Fluorescent images were captured using an LSM 510 META confocal fluorescence microscope (Zeiss).
DuoLink in Situ Proximity Ligation Assay-Anti-mouse proximity ligation assay (PLA) probe plus, anti-rabbit PLA probe minus, and detection kit Red 563 were purchased from OLink Bioscience. 4% formaldehyde-fixed cells were blocked with PBS containing 10% goat serum and 0.001% Triton X-100 for 1 h and incubated with primary antibodies for ADA3 and CENP-B (07-735 (EMD Millipore) or ab25734 (Abcam)) or p53 (sc-6243, Santa Cruz Biotechnology) overnight at 4°C. PLA probes were diluted 1:8 in blocking solution. Detection of the PLA signals was carried out with an LSM 510 META Confocal fluorescence microscope (Zeiss).
In Vitro Binding Assays-GST-FLAG-ADA3 full-length or various GST-ADA3 truncated mutants were purified from bacterial lysates based on the protocol by Frangioni and Neel (29) . 1 g of GST, GST-FLAG ADA3 full-length, or GST-ADA3 deletion mutants non-covalently bound to glutathione beads was incubated with 300 ng of purified His 6 -tagged CENP-B (ab73636, Abcam) in NETN buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Nonidet P-40, 0.1 mM Na 4 VO 3 , 1 mM NaF, and protease inhibitor mixture) for 2 h at 4°C and washed five times with NETN buffer. The bound proteins were resolved by SDS-PAGE, transferred to PVDF membrane, and immunoblotted using anti-CENP-B antibody (07-735 (EMD Millipore) or ab25734 (Abcam)).
CellTiter-Glo Luminescent Cell Viability Assay-The assay was performed three times independently. 2 ϫ 10 5 Ada3 FL/FL/Vector , Ada3 FL/FL/FLAG-ADA3(Full-Length) , or Ada3 FL/FL/FLAG-ADA3(111-432) MEFs were plated in p100 dishes. After overnight attachment, cells were infected either with Adeno-EGFP or Adeno-EGFP-Cre as described previously (18) . 24 h after infection (day 1), each plate was divided into 6-well plates and 96-well plates (one plate for each day). In particular, 1 ϫ 10 4 cells were plated in one well of a 6-well plate (for Western blotting), whereas 150 cells/well were plated in six replicates of a 96-well plate (for luminescence). Cells were cultured with change of medium every alternate day. At days 1, 3, 5, 7, and 9, cell viability was measured by a CellTiter-Glo luminescent cell viability assay (Promega) following the manufacturer's protocol. To confirm the deletion of endogenous Ada3 and ectopic expression of ADA3 full-length and ADA3(111-432), cells were also harvested for Western blotting at the aforementioned days and immunoblotted with the indicated antibodies.
Colony Formation Assay-Cells were infected with either Adeno-EGFP or Adeno-EGFP-Cre as described above. 24 h after infection (day 1), 10,000 cells/well were plated in a 6-well plate and cultured until day 9 with a change of medium every alternate day. At day 9, cells were fixed and stained with crystal violet solution (0.25% crystal violet in 25% methanol) and imaged as described previously (18) .
Cell Fractionation and Immunoblotting-72 h after infecting Ada3 FL/FL MEFs with control or Cre adenovirus, cells were trypsinized, collected, and washed once with PBS. Cell fractionation was performed according to previously published protocols with modifications (30, 31) . A fraction of the harvested cells was used to make whole cell extracts. The remaining cell pellet was suspended in lysis buffer (10 mM HEPES, pH 7.4, 10 mM KCl, 0.05% Nonidet P-40, 0.1 mM Na 4 VO 3 , 1 mM NaF, 10 mM nicotinamide, 2 M trichostatin A, and protease inhibitor mixture), incubated on ice for 30 min, and vortexed twice at high speed, followed by centrifugation at 14,000 rpm for 10 min at 4°C. The supernatant obtained was kept as the cytoplasmic fraction, and the pellet containing nuclei was washed once with lysis buffer. Nuclei were then resuspended in low salt buffer (10 mM Tris-HCl, pH 7.4, 0.2 mM MgCl 2 , 1% Triton X-100, 0.1 mM Na 4 VO 3 , 1 mM NaF, 10 mM nicotinamide, 2 M trichostatin A, and protease inhibitor mixture) and incubated on ice for 15 min, followed by centrifugation at 14,000 rpm for 10 min at 4°C. The supernatant was stored as the nucleoplasmic fraction, and the pellet was resuspended in 0.2 N HCl and incubated on ice for 20 min. The soluble fraction was neutralized with 1 M Tris-HCl, pH 8, and used as the chromatin fraction. The cell fractions were quantitated using the BCA protein assay reagent (Pierce). The proteins were resolved by SDS-PAGE and transferred onto the PVDF membrane. Immunoblotting was performed with primary antibodies against ADA3 (mouse monoclonal antibody (18) or rabbit polyclonal antibody (HPA042250, Sigma)), CENP-B (ab25734, Abcam), FLAG (A8592, Sigma), HSC70 (sc-7298, Santa Cruz Biotechnology), GAPDH (MAB374, EMD Millipore), and histone H3 (06-755, EMD Millipore).
Chromosome Mis-segregation Analyses-For analyzing chromosome mis-segregations, Ada3 FL/FL MEFs were infected with control or Cre adenovirus. 24 h after infection, cells were trypsinized and plated on 18-mm coverslips in 12-well plates. The following day (48 h after infection), cells were synchronized in S phase by double thymidine block (18 h first block with 2 mM thymidine and then release for 9 h in complete medium and then second block with 2 mM thymidine for another 18 h). After the second block, the cells were released in complete medium for 6 h (approximately the time for cells to go into mitosis), followed by fixing cells in 4% paraformaldehyde and mounting the coverslips in DAPIcontaining mounting medium (Vectashield). The images were captured at ϫ63 using an LSM 510 META confocal fluorescence microscope (Zeiss).
Statistical Analyses-The cell viability assay was performed three times independently. For each independent experiment, the luminescence from six replicates was recorded and averaged. The S.E. values were calculated using luminescence from three independent experiments, and p values were computed by Student's t test (two-tailed, unpaired) using Microsoft Excel 2010, and p Յ 0.05 was considered as statistically significant. For the effect of ADA3 depletion on CENP-B and ACA co-localization, a total of 120 ADA3 Associates with Centromere through CENP-B NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 28301 cells were counted in control or ADA3 siRNA without bias and cells with Ͼ5 CENP-B and ACA co-localization foci were considered positive for co-localization. For chromosomal abnormalities, at least 50 anaphase chromosomes were counted in control or Ada3-deleted cells without bias and examined for segregation defects. The 2 test was performed using SAS 9.3 (SAS Institute, Cary, NC), and p Յ 0.05 was considered as statistically significant.
Results

ADA3
Associates with HOR Region of X Chromosome Centromere-As mentioned above, we observed association of ADA3 with centromeric regions of most human chromosomes by performing ChIP-seq. 5 Because the centromere is an essential chromosomal domain that is required for chromosome segregation and ensures the faithful inheritance of the chromosome during cell division (1-4), we assessed ADA3 interaction with the centromere. We first confirmed the binding of ADA3 with the centromere by performing ADA3 ChIP-PCR using a series of PCR primers on the human X chromosome centromere region in an immortal human mammary epithelial cell line, 76NTERT (32) ( Table 1) . To test the specificity of the ChIP primers as well as the binding of ADA3 to centromeres, we performed ChIP using anti-CENP-A or CENP-B antibodies because both CENP-A and CENP-B are known to bind to HORs in the centromeres (33) . As expected, we observed binding of CENP-A and CENP-B only to HOR regions of the centromere as reported previously. Interestingly, ADA3 also associated with the ␣-satellite region in HORs, which is the site of kinetochore assembly (Fig. 1, A and B) (34) . The universal primer set that recognizes the ␣-satellite region on the human genome was also amplified in ADA3 ChIP-PCR (Fig. 1, A and B) , suggesting that ADA3 may maintain genomic stability by regulating chromosome separation through association with the centromere.
ADA3 Associates with CENP-B Protein at the Centromere-
Several studies have identified a number of protein components that associate with the centromere, including CENPs (2) . Given the fact that ADA3 is a transcriptional co-activator and itself does not contain DNA binding domain, we hypothesized that some other centromeric protein may mediate ADA3 interaction with the centromere. Among the well known centromerebinding proteins, CENP-B is highly conserved in several mammalian species, specifically binds to a 17-bp sequence (CENP-B box) that is conserved in the centromeric human ␣-satellite region, and associates with centromeric heterochromatin (10, 11) . Because ADA3 associated with the HOR region in the ␣-satellite region on the centromere where CENP-B also binds, we examined whether ADA3 co-localizes with centromere marker CENP-B. A co-immunofluorescence assay using anti-ADA3 and anti-CENP-B antibodies clearly demonstrated that CENP-B and ADA3 are co-localized in the nucleus ( Fig. 2A) . Although the specificity of ADA3 antibody used in this assay has been extensively determined in our previous publications (18, 25, 26) , we used ADA3 siRNA knockdown cells in this experiment to ensure specificity of the ADA3 antibody in the immunofluorescence assay (supplemental Fig. S1 ). To further confirm ADA3 association with centromeres, we analyzed ADA3 interaction with CENP-B by DuoLink in situ PLA. In addition to CENP-B, we assessed whether ADA3 also interacts with another centromeric protein, CENP-A. To determine the specificity of interactions in PLA, we used p53 protein, known to directly interact with ADA3 (35, 36) , and rabbit or mouse IgG as negative control (Fig. 2B ). In this assay, primary antibodies raised in different species are used against two interacting proteins, and when species-specific secondary antibodies linked with complementary DNA probes come in close proximity (30 -40 nm) , the linked DNA can be amplified and visualized with a fluorescent probe as distinct foci. ADA3 and CENP-A/ CENP-B were immunostained with anti-mouse and anti-rabbit secondary antibodies, respectively, that were linked to comple- mentary oligonucleotides. PLA exhibited only CENP-B and not CENP-A (data not shown) interaction with ADA3, particularly in interphase of cell cycle ( Fig. 2B ). Of the total cells quantified in various cell cycle phases, ϳ80% of cells showed more than three ADA3-CENP-B interaction foci (Fig. 2C) , and the interaction signals persisted when cells entered into prophase, but the signals were reduced when cells entered into metaphase and anaphase ( Fig. 2B ). Taken together, these results demonstrate that ADA3 associates with CENP-B during interphase and prophase, but its interaction with CENP-B is reduced in metaphase and anaphase, suggesting an important role of ADA3 in the early phase of mitosis.
ADA3 Directly Interacts with CENP-B through Its N Terminus-Next, to assess whether ADA3 and CENP-B directly interact, we performed a GST pull-down assay using purified GST-tagged human FLAG-ADA3 and His 6 -CENP-B protein. As shown in Fig. 3A , CENP-B is detected in the GST pull-down lysates after incubation of GST-FLAG-tagged ADA3 with CENP-B protein, demonstrating that ADA3 directly interacts with CENP-B in vitro. Next, to map the region of ADA3 essential for binding to CENP-B, we generated a series of GST-ADA3 constructs (GST-ADA3(1-369), GST-ADA3(1-214), and GST-ADA3(1-110)), in which a coding region from the C terminus was sequentially removed along with the one, GST-ADA3(111-432), in which codons that code for the first 110 amino acids from the N terminus were deleted (Fig. 3B ). Recombinant proteins from these constructs were used as baits, and purified CENP-B was used as prey in our GST pull-down assays. Immunoblotting with anti-CENP-B antibody showed that all ADA3 fragments were able to efficiently pull down CENP-B except for the 111-432 fragment of ADA3, suggesting that the N terminus of ADA3 is critical for its interaction with CENP-B (Fig. 3C) .
CENP-B Binding-defective ADA3 Mutant Fails to Rescue Cell Proliferation Arrest Caused by the Deletion of Endogenous
Ada3-We have previously demonstrated that conditional deletion of endogenous Ada3 from Ada3 FL/FL MEFs causes cell proliferation arrest (18) . However, Ada3 FL/FL/ADA3 MEFs in which human ADA3 is ectopically expressed rescue the cell proliferation defects. Therefore, we tested the ability of the 111-432 fragment of ADA3, which lacks the binding ability with CENP-B, to rescue cell cycle arrest. For this purpose, FLAG-tagged ADA3 full-length or 111-432 fragment was stably expressed in Ada3 FL/FL MEFs, followed by the deletion of endogenous Ada3 by adenovirus expressing Cre recombinase, and cell proliferation was assessed at regular intervals up to 9 days by the CellTiter-Glo luminescent cell viability assay, which determines the number of viable cells in culture based on quantitation of ATP (Fig. 4A ). Deletion of endogenous Ada3 and expression of ectopically expressed ADA3 was confirmed by immunoblotting ( Fig. 4, E-G) . Consistent with our previous report (18) , we observed that in contrast to vector alone, wild type full-length ADA3 was able to restore the cell proliferation arrest caused by the deletion of endogenous Ada3 (Fig. 4, B and  C) . Interestingly, we observed that the CENP-B binding-defective 111-432 mutant failed to rescue the cell cycle defect (Fig.  4D) . To further confirm that 111-432 ADA3 mutant is defective in cell proliferation rescue, a colony formation assay was also performed at day 9. Similar results were obtained in this assay (Fig. 4, H and I) , indicating that CENP-B and ADA3 inter- Note that the diagram is not drawn to scale. Xp, short arm; Xq, long arm. B, ADA3 associates with the HOR region of human X chromosome centromere: ADA3, CENP-A, or CENP-B protein was immunoprecipitated from cross-linked chromatin-protein complex prepared from 76NTERT cells. Associated chromatin was then eluted and amplified by PCR using primers against centromere regions depicted in A (also see Table 1 ). Mouse and rabbit IgGs were used as negative controls for immunoprecipitation. Universal ␣ satellite primers were used as positive control whereas GAPDH primers were used as negative control in PCR. IP, immunoprecipitation. NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 28303 FIGURE 2. ADA3 associates with CENP-B protein at the centromeres. A, co-localization of ADA3 and CENP-B in 76NTERT cells. Cells were cultured on coverslips, fixed with 4% formaldehyde, and co-immunostained for CENP-B and ADA3, followed by fluorescence microscopy using appropriate filters (red, ADA3; green, CENP-B; blue, DAPI). Mouse and rabbit IgG (mIgG or rIgG) served as negative controls. B, interaction of ADA3 with CENP-B during the cell cycle using the PLA. 76NTERT cells were treated for 16.5 h with 100 ng/ml nocodazole, released in culture medium, and harvested at different time points. Fixed cells were incubated with antibodies against ADA3 and CENP-B followed by DuoLink in situ PLA and fluorescence microscopy using appropriate filters (blue, DAPI; red, PLA signals). Interaction of ADA3 with p53 is shown as a positive control, whereas mouse or rabbit IgG served as negative controls for PLA. C, quantification of cells with ADA3-CENP-B PLA interaction signals from B. More than 100 cells in different cell cycle phases were quantified for PLA interaction foci present in the nucleus. Cells with greater than three PLA interaction signals were considered positive for ADA3-CENP-B interaction. FIGURE 3. ADA3 directly interacts with CENP-B through its N terminus. A, in vitro binding assays were performed to determine whether ADA3 directly interacts with CENP-B. 1 g of GST or GST-FLAG ADA3 bound to glutathione beads was incubated with 300 ng of purified CENP-B protein. After washes, the beads were loaded onto SDS-PAGE, transferred to PVDF membrane, and immunoblotted using anti-CENP-B antibody. Input is 100%. B, schematic representation of GST-ADA3 constructs used to determine the region in ADA3 required for its interaction with CENP-B. C, in vitro GST pull-down assays were performed as in A using GST-ADA3 constructs shown in B. Input is 10%. WB, Western blot.
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action may be required for the ability of ADA3 to regulate cell proliferation.
Depletion of ADA3 Abrogates CENP-B Recruitment to Centromeres-Given the critical roles of CENPs in centromere regulation, we examined the role of ADA3 in CENP-B association to centromeres. For this purpose, we deleted Ada3 from Ada3 FL/FL MEFs by Cre-mediated deletion, fractionated cell compartments, and assessed the levels of CENP-B in whole cells and cytoplasmic, nucleoplasmic, or chromatin fractions. As seen in Fig. 5A , CENP-B protein was only observed in whole cell extract (WCE) and chromatin fraction. Notably, the levels of CENP-B were not altered in the whole cell extracts, consistent with our recent report where mRNA levels of CENP-B do not change upon deletion of Ada3 in a microarray (18) ; however, a significant decrease in CENP-B levels was seen in the chromatin fraction (Fig. 5A) . To confirm the effect of ADA3 on the ability of CENP-B to bind to centromere, we performed a ChIP assay using PCR primers specific to the HOR region on the centromere of human X chromosome (primer DЈ in Table 1 ) and observed that binding of CENP-B to the NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47
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centromere of the X chromosome is dramatically decreased upon ADA3 knockdown. Notably, 80% knockdown of ADA3 led to 63% reduction in CENP-B recruitment to the X-chromosome HOR region (Fig. 5B ). However, no significant change in the recruitment of CENP-A onto the HOR region upon ADA3 knockdown was noticed. In a different strategy, we knocked down ADA3 in 76NTERT cells using siRNA and then examined the binding of CENP-B to centromeres by co-immunofluorescence using anti-CENP-B and ACAs. As seen in Fig. 5 , C and D, we observed a significant reduction ( 2 test p value of Ͻ0.0001) in co-localization of CENP-B with ACA after knockdown of ADA3. Taken together, our results demonstrate that ADA3 is required for association of CENP-B with centromeres.
Deletion of Ada3 Causes Defects in Chromosome Segregation-Previous studies have demonstrated that CENP-B protein is important in ensuring faithful chromosome segregation during mitosis and thus assuring the highest fidelity of centromere function (16, 17) because deletion of CENP-B causes significant elevation in chromosome mis-segregation (17) . Because ADA3 knockdown/deletion in cells causes signif-icant reduction in CENP-B recruitment onto centromeres, we speculated that deletion of Ada3 might cause chromosome mis-segregation in cells as seen upon depletion of CENP-B. To test this, we deleted Ada3 from Ada3 FL/FL MEFs and measured defects in chromosome segregation. To enrich cells in mitosis, we synchronized control and Cre-infected cells by double thymidine block in S phase and then fixed cells after release with complete medium for 6 h (Fig. 6A) . Analyses of DAPI-stained anaphase chromosomes in both control and Cre-infected cells by confocal microscopy revealed a significantly higher percentage of anaphase bridges and lagging chromosomes in Ada3-deleted cells compared with control cells ( 2 test p value of Ͻ0.0001) (Fig.  6, B and C) . These results reveal a novel role of ADA3 in the process of chromosome segregation through its binding to centromeres. Thus, ADA3 is required for maintaining the fidelity of chromosome segregation in mitosis (Fig. 7) .
Discussion
Human centromeres are multimegabase regions of highly ordered arrays of ␣ satellite DNA that are separated from chro-FIGURE 5. Depletion of ADA3 abrogates CENP-B recruitment to centromeres. A, Ada3 FL/FL MEFs were infected with control (Ctrl) or Cre adenovirus. 72 h after infection, cells were trypsinized and harvested. Cell compartments were fractionated as described under "Experimental Procedures." The fractions were run on SDS-PAGE, transferred to PVDF membrane, and immunoblotted with the indicated antibodies. The values indicate intensities measured using ImageJ. The intensities were normalized against GAPDH (for whole cell extract (WCE) and cytoplasmic extract) or histone H3 (for chromatin extract). B, 76NTERT cells were transfected with control or ADA3 siRNA. i, Western blot showing ADA3 depletion by ADA3 siRNA. ii, ADA3, CENP-A, or CENP-B protein was immunoprecipitated from cross-linked chromatin-protein complex, and ChIP-PCR was performed using PCR primer DЈ, corresponding to the higher order repeat ␣ satellite region on the X chromosome (Table 1) . GAPDH was used as a negative control. The table shows the band intensities estimated by ImageJ software, normalized against inputs of control and ADA3 siRNA independently. C, representative immunofluorescence images of the co-localization of CENP-B and ACA performed in 76NTERT cells after transfecting with either control siRNA or siRNA against ADA3. Cells were fixed on 18-mm coverslips with 4% paraformaldehyde after 48 h of transfection. The indicated antibodies were used for immunofluorescence. ACA staining was used to identify centromeres. D, quantification of cells exhibiting CENP-B and ACA co-localization from C. Control or ADA3 siRNA-infected cells co-stained with ACA and CENP-B were quantified based on ACA-CENP-B co-localization foci. Cells with more than five CENP-B-ACA interaction foci were considered positive (n ϭ 120). IP, immunoprecipitation. mosome arms by unordered ␣ satellite monomers and other repetitive sequences. The centromere is an essential chromosomal domain that is required for chromosome segregation and ensures the faithful inheritance of the chromosome during cell division (1) (2) (3) (4) .
Our recent study where conditional deletion of Ada3 from Ada3 FL/FL MEFs using the adenovirus Cre system demonstrated a critical role of ADA3 in cell cycle progression with defect in mitosis and another study where knockdown of Ada3 in NIH3T3 cells demonstrated the role of ATAC (ADA3-asso- Model displaying the role of ADA3 in chromosome segregation. i, ADA3 associates with the centromere by directly binding to CENP-B that interacts with centromeric proteins CENP-A and CENP-C to form functional centromere, which is required for proper chromosome segregation. ii, in conditions where ADA3 protein is depleted, the recruitment of CENP-B at the centromere is diminished, leading to chromosomal segregation abnormalities, viz. anaphase bridges and lagging chromosomes. Note that for the simplicity of the model, the association of ADA3 and centromeric proteins with the centromere is enlarged at only one chromosome and not shown for each chromosome. NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 28307 ciated complex) in mitosis provided the rationale to examine the mechanism of ADA3 regulation of mitosis (18, 19) . We performed ChIP-seq followed by a ChIP assay using anti-ADA3 antibody and demonstrated that ADA3 associates with the higher order repeat region in ␣ satellite of X chromosome centromere, which is the site of kinetochore assembly. Our results, together with a recent study that showed direct binding of GCN5 to the centromere (27) , suggest a role of the ATAC/ SAGA complex in mitosis through regulation of centromere function.
ADA3 Associates with Centromere through CENP-B
Several CENPs, including CENP-B, are known to bind to the centromere and regulate centromere function and thus chromosome segregation (33, 37) . Among centromeric proteins, CENP-B is the only protein that has DNA sequence-specific binding ability that is conferred by a 17-bp sequence, known as the CENP-B box, in the ␣ satellite region of the human and minor satellite region of the mouse centromere (8, 38) , suggesting a role of CENP-B in centromere identity. Whereas studies of human artificial chromosome formation have revealed an essential role of CENP-B in de novo centromerization (12, 13) , the less severe mitotic defects in Cenpb knock-out mice (39 -41) and lack of CENP-B boxes in Y chromosome and neocentromeres (42, 43) have led to the idea that CENP-B might be dispensable in centromere function. However, the two recent ne plus ultra studies (16, 17) by Cleveland and colleagues have provided several lines of evidence that uncover the role of CENP-B in centromere function. They observed an increased rate of chromosome mis-segregation in Cenpb null MEFs and CENP-B-devoid Y and neocentromeres, a new concept according to which CENP-B ensures the highest fidelity of chromosome segregation.
Our results using PLA and GST pull-down assays showed direct interaction of ADA3 with CENP-B. Further, to determine the region of ADA3 required for its interaction with CENP-B, we generated various GST-tagged truncated mutants of ADA3 and demonstrated that the N-terminal 110 amino acids of ADA3 are essential for its interaction with CENP-B. Accordingly, previous studies from our laboratory and others have demonstrated that the N-terminal half of ADA3 facilitates its interaction with transcription factors such as p53, AATF, estrogen receptor, ANCO-1, and other non-HAT-complex components, whereas the C terminus of ADA3 is essential for its incorporation into HAT complexes through its direct interaction with the ADA2 subunit and is also required for its association with p300 HAT (36, 44 -49) . Thus, our finding that the N terminus of ADA3 directly interacts with CENP-B defines a new interactor of ADA3 N terminus. More importantly, we showed that the ADA3 truncated mutant that does not interact with CENP-B failed to rescue the cell proliferation defects caused upon deletion of endogenous Ada3 in Ada3 FL/FL MEFs. These findings imply that ADA3-CENP-B interaction is important for cell proliferation.
Furthermore, subcellular protein fractionation, ChIP assay, and direct immunofluorescence demonstrated the role of ADA3 in CENP-B recruitment to centromeres. These results along with published findings implicate the role of ADA3 in regulation of the centromere. Nevertheless, how ADA3 controls the localization of CENP-B on chromatin still remains to be answered. We speculated that ADA3 might regulate the localization of CENP-B by mediating its acetylation by various KATs; however, in our assays, neither p300 nor GCN5 was able to acetylate CENP-B protein (data not shown). One possibility is that direct interaction of ADA3 with CENP-B might enhance its DNA binding ability without the acetylation of CENP-B, as we have demonstrated in the case of estrogen receptor (46, 50) . The second possibility is that ADA3 might regulate the DNA binding ability of CENP-B indirectly. A recent report suggests that ␣-N-trimethylation of CENP-B protein enhances its binding ability to the CENP-B box (51) , and the role of ADA3 in this context is the subject of future studies that might reveal a novel function of ADA3.
Additionally, based on recent studies that show a vital role of CENP-B in maintaining the fidelity of chromosome segregation, we examined whether ADA3 could regulate the chromosome segregation process through its interaction with CENP-B/centromere. Analyses of DAPI-stained anaphase chromosomes in Ada3-deleted cells revealed a dramatic increase in the chromosome mis-segregation events compared with control cells, suggesting an essential role of ADA3 in maintaining the faithful segregation of chromosomes during mitosis (Fig. 7) . These findings also provide a rationale for our earlier study that demonstrated an important role of ADA3 in maintaining genomic stability (25) . In this study, we showed that deletion of Ada3 caused an increase in chromosomal aberrations, such as chromosome breaks, fragments, deletions, and translocations. Because a defect in the process of chromosome segregation is an important element leading to chromosomal aberrations in cells (3), the genomic instability observed in Ada3-deleted cells could be attributed to the critical role of ADA3 in regulating the process of chromosome segregation through its centromere binding ability.
Although we demonstrated ADA3 association with the centromere via CENP-B in the present study, given the role of ADA3 as a mediator protein of global acetylation of histones, it is possible that ADA3 also regulates histone acetylation at the centromeric region. Indeed, histone H3 Lys-9 and histone H4 acetylation have been shown to regulate kinetochore assembly (52, 53) . However, in our ChIP experiments, we were unable to detect any significant changes in the levels of histone H3 Lys-9 acetylation or histone H3 Lys-9 trimethylation at the X-chromosome HOR region upon ADA3 knockdown (data not shown). However, we cannot rule out the possibility that ADA3 knockdown may change histone acetylation at centromeres of other chromosomes. Besides regulating the acetylation of histone proteins, ADA3 also promotes the acetylation of non-histone proteins (35) , and we cannot rule out the possibility that ADA3 might play a role in acetylation of other centromeric proteins.
This study, together with our previous studies where we demonstrated a halt in the cell cycle and genomic instability upon deletion of Ada3 (18, 25) , clearly demonstrates an important role for ADA3 in the regulation of mitosis. Given that ADA3 level/localization alter in breast cancers and predict poor prognosis and poor survival in patients (26) , this study under-scores the important role of ADA3 in abnormal proliferation that leads to oncogenesis.
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